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Abs t r ac t  

During t h e  p a s t  y e a r ,  r e sea rch  has  been devoted t o  two r e l a t e d  s t u d i e s '  

of two-locus systems under n a t u r a l  s e l e c t i o n  and one on s e l e c t i o n  i n  h ip lo-  

d i p l o i d  organisms. The p r i n c i p a l  r e s u l t s  a r e :  , 

1 )  Numer i ca l . s t ud i e s  were made of 2 l o c u s s e l c c t i o n m o d e l s  w i t h  asymmetric 

f i t n e s s e s .  These were c r ea t ed  by p e r t u r b i n g  t h e  f i t n e s s  ma t r i ce s  of symmetric 

models whose r e s u l t s  a r e  known a n a l y t i c a l l y .  A complete c l a s s i f i c a b i o n  of 

so lved  models has  been made and a l l  p e r t u r b a t i o n s  of t h e s e  have been undertaken.  

The r e s u l t  i s  t h a t  a l l  models lead  t o  t h r e e  c l a s s e s  of equ i l i b r ium s t r u c t u r e .  

A l l  a r e  c h a r a c t e r i z e d  by m u l t i p l e  e q u i l i b r i a  w i th  sma l l  l i nkage  d i s e q u i l i b r f a  

under l o o s e .  l i n k a g e  and h igh  complementarity e q u i l i b r i a  under t i g h t  l i nkage .  

I n  some cases  t h e r e  i s  gene f i x a t i o n  a t  i n t e rmed ia t e  l i nkage .  W e  b e l i e v e  

w e  have e s t a b l i s h e d  a  gene ra l  typology of s o l u t i o n s .  

2) It has  been shown t h a t  s e l e c t i o n  may f avo r  more recombinat ion,  

con t r a ry  t o  t h e  u s u a l  expec t a t i on ,  i f  m u l t i p l e  l ocus  polymorphisms a r e  main- 

t a i n e d  by a  nechanism o t h e r  than marg ina l  overdominance. Th i s  may be t h e  

r e s u l t  of muta t ion-se lec t ion  ba lance  o r  frequency-dependent s e l e c t i o n .  

3) I n  a  haplo-d ip lo id  system i n  which d i p l o i d  'males are l e t h a l  ( a s  

i n  bees  and braconid wasps) t h e  number of s e x  a l l e l e s  t h a t  can be maintained 

depends L u t h  on brecding  c i a e  and the  number nf  r.nl.onies'. S imula t ions  show 

t h a t  t h e  st.eady number is  s e n s i t i v e  t o  t h e  number of co lon ie s  b u t  i n s e n s i t i v e  

t o  t h e  number of mat ings.  Th i r ty - f ive  t o  f i f t y  ' c o l o n i e s a r e s u f f i c i e n t  t o  

main ta in  very  l a r g e  numbers of s e x  a l l e l e s .  
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Genera l  A c t i v i t i e s  

During t h e  e i g h t  months t h a t  have e l a p s e d  s i n c e  t h e  beg inn ing  of t h e  

c o n t r a c t  y e a r ,  w e  have c a r r i e d  o u t  b o t h  computer s t u d i e s  and a n a l y t i c  

s t u d i e s  o f  t h r e e  problems,  two of which were  planned i n  t h e  p r e v i o u s  y e a r  and 

t h e  t h i r d  t h a t  was added: 1 )  m u l t i p l e  l o c u s  sys tems w i t h  g.enera1 f i t n e s s e s ;  ' 

2) p o p u l a t i o n  g e n e t i c s  of r ecombina t ion  m o d i f i e r s ;  and 3)  brood v i a b i l i t y  i n  

hap lo-d ip lo id  organisms.  

A s  i n  t h e  p r e v i o u s  y e a r ,  work under t h e  c o n t r a c t  was c a r r i e d  o u t  by t h e  

Pt-in.ci.pa1. T . n v e s t i g a t o r ,  R. C .  Lewontin,  and Research A s s o c i a t e  Wi l l i am 

Marks. I n  a d d i t i o n  two g r a d u a t e  s t u d e n t s ,  S. Orzack and L. Brooks,  a l t h o u g h  

n o t  p a i d  by t h e  c o n t r a c t ,  con t inued  t o  c a r r y  o u t  r e s e a r c h  under  i t .  

R. C .  Lewontin made two major  t r i p s  t h a t  i n c l u d e d  work and ' c o n s u l t a t i o n  

under  t h e  c o n t r a c t .  The f i r s t  was t o  P a r i s  where he  worked f o r  s e v e r a l  

weeks w i t h  P r o f e s s o r  A l b e r t  Jacquard  of t h e  I n s t i t u t  N a t i o n a l e  Demographique 

and w i t h  P r o f e s s o r  Michel Goux ? f '  t h e  U n i v e r s i t y  of P a r i x  V I .  P r o f e s s o r  

J a c q u a r d ' s  group i s  c a r r y i n g  o u t  e x t e n s i v e  work on e s t i m a t i n g  p o p u l a t i o n  

e f f e c t i v e  number from i n b r e e d i n g  s t a t i s t i c s , . a  ques t , ion  on which w e  have 

a l s o  worked d u r i n g  t h e  y e a r .  P r o f e s s o r  Goux h a s  been working on t h e  e s t i m a t i o n  

o f  s e x u a l  i s o l a t i o n  between groups  and on t h e  problem of a d a p t a t i o n ,  b o t h  

t o p i c s  on which o u r  group h a s  a l s o  c a r r i e d  o u t  r e s e a r c h .  

The second major  t r i p  was t o  t h e  U n i v e r s i t y  of C a l i f o r n i a  a t  Davis .  

There  t h e  P r i n c i p a l  I n v e s t i g a t o r  c o n s u l t e d  e x t e n s i v e l y  w i t h  P r o f e s s o r  Michael  

'l'urelll ULI  the problem of m l ~ l t i p l e  a l l e l i c  h e t e r o t i c  s t a b i l i t y  i n  f requency  

dependent  f requency  independent. s e l e c t i o n  models.  

R. C. Lewontin a l s o  was a  and l e d  a s e s s i o n  i n  a three-d.ay 

workshop on mathemat ica l  models i n  demography and g e n e t i c s  h e l d  a t  t h e  Cen te r  

f o r  P o p u l a t i o n  S t u d i e s  i n  Cambridge under  t h e  a u s p i c e s  of t h e  I n t e r n a t i o n a l  

Union f o r  Demographic S t u d i e s .  The p r o c e e d i n g s  of t h e  workshop w i l l  b e  

. . 
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publ ished.  

F i n a l l y ,  P ro fe s so r  Marcus Feldman spen t  f o u r  days i n  Cambridge w i t h  

u s  working i n t e n s i v e l y  on t h e  two-locus g e n e r a l  f i t n e s s  model ( s ee  beiow) 

t h a t  i s  a  j o i n t  p r o j e c t  between t h e  Cambridge and t h e  S tanford  groups. 

Research R e s u l t s  

1, Two-locus models w i th  asymmetric f i t n e s s e s  

We had f u l l y  expected t h i s  model t o  be  f i n i s h e d  a t  t h e  end of t h e  l a s t  

c o n t r a c t  y e a r ,  bu t  t h e  problem has rurned UUL Lo be mueh r i c h a r  i n  i t s .  

s t r u c t u r e  t han  w e  had a n t i c i p a t e d .  I n  c o l l a b o r a t i o n  wi th  P ro fe s so r  Feldman, 

however, we expec t  t o  have completed t h e  e x p l o r a t i o n  of t h e  models dur ing  

t h e  remaining f o u r  months of t he  c u r r e n t  c o n t r a c t  yea r .  

The problem i s  t o  understand t h e  equ i l i b r ium s t r u c t u r e  of popu la t i ons  

undergoing n a t u r a l  s e l e c t i o n  when two s e l e c t e d  l o c i  a r e  cons idered  simul- 

taneously.  This  s u b j e c t  has  been i n t e n s i v e l y  s t u d i e d  dur ing  t h e  l a s t  15 

y e a r s ,  c h i e f l y  by ou r  group and D r .  Feldman, bu t  r e s u l t s  have been obta ined  

l a r g e l y  f o r  c e r t a i n  c l a s s e s  of symmetrical f i t n e s s  r e l a t i o n s .  These i n c l u d e  

a) completely a d d i t i v e  f i t n e s s e s ,  i n  which t h e  f i t n e s s  of a  genotype i s  t h e  

r e s u l t  of addf.ng t h e  s e l e c t i o n  c o e f f i c i e n t s  a t  t h e  s e p a r a t e  l o c i ;  b) mul t i -  

p l i c a t i v e  models i n  which t h e  p r o b a b i l i t y  of s u r v i v a l  f o r  t h e  two l o c i  

s e p a r a t e l y  are m u l t i p l i e d ;  and c )  t h e  g e n e r a l  symmetric v i a b i l i t y  model 

whose f i t n e s s  s t r u c t u r e  i s  

The g e n e r a l  conc lus ion  from t h e s e  models has  been t h a t  f o r  sma l l  recombinat ion 
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between locus  A and locus  B t h e  equ i l i b r ium gametic a r r a y  w i l l  have s t r o n g  

l i n k a g e  d i sequ i l i b r ium (D l a r g e )  except  i n  t h e  a d d i t i v e  model when t h e r e  is  

always l i nkage  equ i l i b r ium (D=O). There a r e  u s u a l l y  two equ i l i b r ium a r r a y s ,  

one w i th  an excess  of coupl ing gametes .(D>O) and one w i t h  an  excess  of 

r e p u l s i o n  (D<O). A s  recombinat ion,  - r ,  i n c r e a s e s ,  t h e  v a l u e s  of D s h r i n k ,  

and t h e r e  may be a  c r i t i c a l  val-ue of r ,  above which D#O e q u i l i b r i a  

d i s appea r  and a r e  rep laced  by a  s i n g l e  s t a b l e  D=O'equilibrium. I n  some 

cases  D=O and D#O e x i s t  and a r e  s t a b l e  s imultaneously.  

Our work on asymmetr.ica1 models has  h a d . a s  i t s  purpose a  g e n e r a l i z a t i o n  

o f , t h e s e  r e s u l t s  t o  a r b i t r a r y  f i t n e s s  models, i n  o r d e r  t o  test how g e n e r a l  

t h e  conc lus ions  from simple models might be.  The method has  been t o  begin 

wi th  a  symmetric model whose s o l u t i o n  i s  known a n a l y t i c a l l y  and then  t o  

p e r t u r b  t h e  f i t n e s s e s  i n  a  s y s t e m a t i . ~  way t o  i n t roduce  asymmetries.  The 

r e s u l t s  are then fol lowed by computer s o l u t i o n s  s i n c e  a n a l y t i c  s o l u t i o n s  do 

n o t  e x i s t .  I n  last  y e a r ' s  p rog re s s  r e p o r t ,  w e  d i s cus sed  t h e  outcome of 

t h e  p e r t u r b a t i o n  of one c l a s s  of models.   his is  t h e  Lewontin-Kajima 

super-symmetric model i n  which a=X i n  t h e  f i t n e s s  a r r a y  above. Various 

p e r t u r b a t i o n s  of t h e  a ' s ,  B's and 8's were c a r r i e d  o u t  one a t  a  time o r  

pa i rw i se .  The r e s u l t s  were summarized l 'ast  y e a r ,  but b r i e f l y  w e  c a i ~  say 

t h a t  D=O i s  no l o n i e r  i n  equ i l i b r ium f o r  any model and t h a t  t h e  b i f u r c a t i o n  

s t rucLur?  of t h e  e q u i l i b r i a  i s  q u i t e  . d i f f e r e n t  t han  observed i n  pu re ly  

symmctr ical  m o d ~ l s .  

During t.he c u r r e n t  year  we have pushed t h e s e  r e s u l t s  much f u r t h e r .  W e  

. . 
have now pe r tu rbed  1)  t h e  a d d i t i v e  models by making sma l l  changes i n  one 

homozygote and i n  s imple he te rozygotes ;  2 )  thesuper-symmetr ic  model i n  

which a p a i r  of a ' s  i n  t h e  same row were per turbed  i n  comparison wi th  
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p e r t u r b i n g  B ;  and 3 ) g e n e r a l  syminetric models were. g e n e r a t e d  w i t h  random 

a ,  B , .  d and 6 and  t h e n  one a, one 8 ,  one $ and one 6 were  p e r t u r b e d  by 1%. 

( T h i s  p a r t  of t h e  work was c a r r i e d  o u t  by P r o f e s s o r  Feldman.) 

We have now c l a s s i f i e d  a l l  a n a l y t i c a l l y  s o l v e d  models i n t o  6 c l a s s e s  

a c c o r d i n g  t o  t h e  n a t u r e  of t h e  e p i s t a s i s ,  and have p u t  each  o'f o u r  p e r t u r b e d  

models i n t o  one of t h e s e .  Some c l a s s e s  have  n o t  y e t  been s t u d i e d ,  b u t  

w i l l  comprise  t h e  work f o r  t h e  r e s t  of t h e  y e a r .  N e v e r t h e l e s s ,  i t  now 

a p p e a r s  t h a t  a l l  t h e  r e s u l t s  f a l l  i n t o  a  few q u i t e  g e n e r a l  p a t t e r n s ,  and we 

hope t o  b e . a b l e  f a  rrlaLr L l ~ r s e  g e n e r a l  p a t t e r n s  t o  t h ~    pi static s t r u c t u r e  

of t h e  models o r  t o  some o t h e r  s i m p l e  p a r a m e t r i c  r e p r e s e n t a t i o n  of t h e  

f i t n e s s  m a t r i c e s .  T h i s  w i l l  t h e n  produce a g e n e r a l  t h e o r y  of two-locus 

sys tems.  The g e n e r a l  e q u i l i b r i u m  s t r u c t u r e  t y p e s  a r e  a s  f o l l o w s :  

I) For  l o o s e  l i n k a g e  ( r -112)  t h e r e  i s  a  s i n g l e  e q u i l i b r i u m  t h a t  e x i s t s  

and i s  s t a b l e .  It h a s  a  s m a l l  v a l u e  o f  D , '  of t h e  o r d e r  of t h e  e p i s t a s i s  

i n  asymmet r ica l  models ,  r e d u c i n g  p r e c i s e l y  t o  D=O when t h e r e  is  complete  

symmetry. A s  l i n k a g e  i s . t i g h t e n e d  t h i s  s t a b l e  e q u i l i b r i u m  p e r s i s t s  w i t h  

D growing l a r g e r  u n t i l  a c r i t i c a l  v a l u e  of l i n k a g e  rc. A t  t h i s  p o i n t  two 

new e q u i l i b r i a  are born.  One i s  u n s t a b l e  and h a s  a  v a l u e  0 f . D  c1os.e t o  

zero f o r  a l l  s m a l l e r  v a l u e s  of - r ,  a n d ,  i n  f a c t ,  D grows s m a l l e r  a s  r grows - 

smal le r . .  The o t h e r  i s  s t a b l e  and i s  roughly  complementary t o  t h e  o r i g i n a l  

s t a b l e  e q u i l i b r i u m .  A s  l i n k a g e  i s  t i g h t e n e d  t h e  o r i g i n a l  D#O e q u i l i b r i u m  

c o n t i n u e s  on w i t h  i n c r e a s i n g  D ,  matched by t h e  new s t a b l e  e q u i l i b r i u m ,  a l s o  

w i t h  i n c r e a s i n g  a b s o l u t e  v a l u e  of D, b u t  of o p p o s i t e  s i g n .  Thus,  f o r  

t i g h t  l i n k a g e ,  below r t h e r e  a r e  t h r e e  e q u i l i b r i a .  Two h i g h  complementar i ty  
C ' 

e q u i l i b r i a  are s t a b l e ,  w h i l e  t h e  t h i r d  w i t h  D-0 i s  u n s t a b l e . .  
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11) Type I1 structures are like Type I except that there is an inter- 

mediate range of recombination values, smaller than r for which the high c ' 
complementarity equilibria do not exist, but are replaced by gene fixation 

equilibria that are stable. These latter then again disappear for linkage 

lower than rc :and are replaced by the Type I structure.. 

111) There are five equilibria that exist simultaneously, three of 

which are interior and two of which are fixation equilibria. One of the 

interior equilibria has D = O ,  but gene freque,ncies are not symmetrical at 

both loci. For tight linkage the fixation equilibria are unstable, but 

they become stable as linkage loosens. 

We expect all asymmetrical models to fall into the three types. All 

that we have investigated so far, including the perturbed additive model, 

do so. 

2. Increase . - of recombination b~ selection 

L. Brooks' work with M. Feldman on modifiers of recombination was 

completed. Previous work on the evolution of .modifiers of recombination 

has 'shown that any mutation to a modifier of recombination between two loci 

that decreases the recomblr~aLiuu will bc selected f o r .  M. Feldmap has 

derived a general theorem that shows this to be true for an arbitrary fitness 

ulatrix if fitnesses are constant. In her new work, however, Brooks has shown 

, that modifiers for looser 1inkage.may be selected if the pair of loci under 

selection are not being maintained in equilibrium by heterosis, but by a 

balance.between selection and mutation. This is an extremely important 

result. Up to the present time it has been a mystery why there is any 

recombination at all since selection always has seemed to favor tighter 
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l i n k a g e .  However, much of t h e  g e n e t i c  v a r i a t i o n  we s e e  i s  probab ly  main- 

t a i n e d  by m u t a t i o n - s e l e c t i o n  b a l a n c e  ( d e l e t e r i o u s  a l l e l e s  k e p t  i n  t h e  popula- 

t i o n  by r e p e a t e d  m u t a t i o n ) .  A s  a  r e s u l t  r ecombina t ion  may have a c t u a l l y  

been favored  by s e l e c t i o n .  

. A  paper  h a s  been p u b l i s h e d :  

Feldman, M. W . ,  F.  B.  C h r i s t i a n s e n  and L. D .  Brooks. 1980. E v o l u t i o n  

of recombi,nation i n  a  c o n s t a n t  environment.  P.N.A.S., 77:4838-4841. - 

3 .  Two-locus f requency  dependent  f i t n e s s e s  

A s ta r t  w a s  made on t h e  f requency  dependent  f i t n e s s  models a t  two 

l o c i ,  p a r t l y  t o  s e e  t h e  e f f e c t  of r ecombina t ion  i n  such  m o d e l s , . b u t  a l s o  t o  

i n v e s t i g a t e  t h e  s e l e c t i o n  of l i n k a g e  m o d i f i c a t i o n  when e q u i l i b r i a  a r e  main ta ined  

by f requency  dependent  s e l e c t i o n .  Marginal  overdominance i s  t h e  r u l e  f o r  

two-locus s t a b l e  e q u i l i b r i a  w i t h  c o n s t a n t  f i t n e s s e s .    his i s  one o f  t h e  

c a u s e s  of s e l e c t i o n  a lways f a v q r i n g  t i g h t e r  l i n k a g e .  1.t i s  p o s s i b l e  t o  

c r e a t e ,  w i t h  f requency  dependent s e l e c t i o n ,  s t a b l e  e q u i l i b r i a w i t h  m a r g i n a l  

underdominance. , Such a n o d e l  h a s  been produced.  For D=O t h e  9 r e a l  

e q u i l i b r i a  have been s o l v e d ,  one of which i s  f u l l y  polymorphic.  I n  t h i s  

model t h e r e  a r e  a l s o  1 6  complex e q u i l i b r i a  which a r e  of no b i o l o g i c a l  

i n t e r e s t .  W e  w i l l  now look  £.or D#O e q u i l i b r i a ,  o r  a l t e r  t h e  m o d e l ' t o  

c r e a t e  them s o  t h a t  t h e  c o n d i t i o n s  f o r  t h e  s e l e c t i o n  of p o s i t i v e  recombi- 

n a t i o n  m o d i f i e r s  w i l l  be  c r e a t e d .  

4 .  Brood v i a b i l i t y  - i n  h a p l o i d  d i p l o i d s  

Sex i n  honey b e e s  i s  determined a t a  s i n g l e  l o c u s  w i t h  m u l t i p l e  a l l e l e s .  

H e t c r s z g y o t e s  a t  t h i s  1oc1.1~ a re  females .  Homozygotes a r e  d i p l o i d  males; 
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normal males a r e  haplo id .  Workers i n  t h e  colony d e t e c t  newly eclosed 

d i p l o i d  males and consume them. Thus he terozygos i ty  a t  t h i s  locus  i s  

l e t h a l ,  and t h i s  l e t h a l i t y  i s  o f t e n  r e f l e c t e d  a s  a severe  l o s s  of colony 

v i a b i l i t y .  This  inbreeding  load has  been t h e  s i n g l e  g r e a t e s t  d e t e r r e n t  

t o  s u c c e s s f u l  s e l e c t i v e  breeding programs. Working wi th  R.  E .  Page, Jr. 

of t h e  Un ive r s i t y  of Wisconsin, W. Marks has been examining the  popula t ion  

g e n e t i c s  of t h i s  system both  a n a l y t i c a l l y  and aumer ica l ly .  

Assume t h a t  t h e r e  a r e  k a l l e l e s  i n  t h e  popula t ion ,  each a t  equal  

frequency ( t h e . e q u i l i b r i u m  f r equenc ie s  assuming each he terozygote  t o  be 

equa l ly  f i t ) ,  and t h a t  each female mates n t imes.  Assuming random mating, 

i t . c a n  e a s i l y  be shown t h a t  t h e  mean and 'mariance of brood v i a b i l i t y ,  V ,  

a r e  

1 
E(V) = 1 - - k 

The expected brood v i a b i l i t y  depends only on t h e  nimber of a l l e l e s ;  t h e  

va r i ance  i s  a l s o  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  number of matings. 

We know f u r t h e r  t h a t  the.number of a l l e l e s  which can be maintained i n  

a f i n i t e ' .  popula t ion  depends on t h e  e f f e c t i v e , s i z e  (Ne) of t h e  breeding 

popula t ion .  I n  f a c t ,  

in which Nf i s  t h e  number of breeding females ( co lon ie s ) .  Thus, N i n c r e a s e s  e 

l i n e a r l y  wi th  N f ,  bu t  qu ick ly  approaches a l i m i t  of ~ ~ £ 1 4  a s  t h e  nuaber of 

matings inc reases .  Both Nf ( d i r e c t l y )  and n (by a r t i f i c i a l  inseminat ion)  can 

be con t ro l l ed  by t h e  breeder .  C l e a r l y ,  i t  w i l l  be  d e s i r a b l e  t o , m a i n t a i n  a 
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large number of colonies (N ) to maintain the maximum number of alleles over f 

the long run. Large n'(much above 10) pays a more limited return -- while 

it will decrease colony to colony variance in V, in the long run it will have ' .  
little effect on the number of alleles maintained. . 

The rate at which sex alleles are lost in a finite population is also 

os interest. The eq~~ilibrium values,may be of no particular consequence to 
. . 

the breeder if the rate of approach to equilibrium is very slow. To investi- 

gate this problem we have done Monte Carlo simulations with this system of 

sex determination, random multiple.mating, and finite population size. We 

have shown that the rate of approach'to equilibrium is very slow', depends 

primarily on N and is relatively insensitive to n. Over the expected f ' 
maximum lifetime of any breeding program (say, 40 years), Nf of 35-50 will 

maintain a large number of alleles, and therefore a high average'v, even 

though at equilibrium there would be a high load. 

We are in the process of examining the consequences of these sorts ,of 

non-random mating used by breeders. 

5. F-statistics - as estimators - of po'pulation size 

Effective population size can be estimated by Ll~e variance of gene 

frequency from generation' to generation within a population. An estimate 

of N would be 

where Ap is the change-..of:. gene frequency in one generation and p is the gene 

frequency before the .change. Unfortunately, the observed Ap and the observed 

p are themselves subject to binomial sampling error which may be substantial 
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Recently Pamiloand Varvio-Ah0 and Nei have shown that a correction factor 

for binomial sampling error usually used gives very poor results, but 

unfortunately they compared the result with a model of sampling without 

replacement, giving rise to a hypergeometric sampling model.. We have done 

extensive simulations of this problem assuring both sampling with and without 

repl.acement. Our £inding is that no matter which correction factor is used, 

there is a reasonably high probability that the sampling error correction 

will be larger, for a given data set, than the observed gene frequency 

change, so that a negative or. infinite estimate of N will result. None of 

the suggestions of new correction factors solve this problem, so estimates 

of N from F statistics obtained tempxally remain unsatisfactory. 




